DNA replication was studied in nuclei isolated from soybean cells grown in suspension culture. The isolation procedure involved the preparation of protoplasts, their lysis with a nonionic detergent and purification of nuclei. These nuclei synthesized low molecular weight DNA and joined these fragments into DNA of intermediate molecular weight. The characteristics of replication in isolated nuclei correlated well with those of the cells from which they were isolated, as shown by fluorodeoxyuridine synchronization and ultraviolet irradiation experiments.
The universal occurrence of repeated sequences in higher eukaryote genomes (I) suggests an important function of repeated DNA. Soybean nuclear DNA contains a particularly large fraction (60o) of repeated sequences (7) , and the number of copies of some of these repeated sequences can be modified according to growth conditions (9) . It is not known whether repeated and unique DNA sequences are replicated by the same or different mechanisms.
Suspension cultures of soybean cells have been used in studies of DNA replication (4) . Cells, as well as protoplasts prepared from suspension cultures of soybean, incorporate tritiated thymidine into DNA which can be isolated and studied. Products of this DNA replication have been characterized. However, further characterization of replication have been characterized. However, further characterization of replication has been difficult because some types of precursor molecules fail to penetrate cells or protoplasts or are metabolized before they can be utilized for replication. To elucidate further the mechanism of DNA replication in plant cells, it has been necessary to prepare an in vitro or semi-in vitro system in which precursors are incorporated into DNA in a controlled manner.
We have developed a system involving the isolation of nuclei under minimal stress Cell Cultures and Media. Suspension cultures of the soybean cell line SB-I were grown in B5 medium (6) containing 1 ,tg/ml 2,4-D and 0.2% casein hydrolysate as previously described (12 Blank values were determined in each experiment, by incubating the complete reaction mixture for the same time at 4 C, and usually represented <15% of the incorporated radioactivity. To measure the amount of trichloroacetic acid-precipitable counts incorporated in the nuclei, the reaction was stopped by adding 0.5 ml of a mixture containing 0.5 mg/ml salmon sperm carrier DNA, 10 mg/ml SDS, 20 mm sodium pyrophosphate, and 0.5 N NaOH. Samples were incubated 5 Beckman rotor for 48 h as previously described (4) . Velocity Sedimentation Analysis through Alkaline Gradients. DNA samples for alkaline gradients were prepared in two ways. In experiments involving long incubation periods, nuclei were purified after incubation as described above and resuspended in 50 ,ul lysis buffer containing 20%1o sucrose. Nuclei then were lysed by adding 200 1ul of a solution containing 25 mM EDTA and 0.25 N NaOH. Lysates then were sedimented through a 5 to 20%o alkaline sucrose gradient containing 0.2 N NaOH and 5 mM EDTA at 31,000 rpm for 15 h in a SW 41 Beckman rotor and analyzed as previously described (4) . In experiments requiring short pulses, incubated nuclei were directly lysed with 20 mm EDTA and 0.2 N NaOH. Because of the large amount of nonincorporated radio- Purification of Nuclei. The standard techniques of isolation of protoplasts involve an osmotic shock with 0.5 to 0.7 M mannitol or sorbitol (5) . Unfortunately, the addition of 0.6 M sorbitol to suspension cultures of SB-I cells resulted in a 10-fold decrease of the rate of [3H]thymidine incorporation, suggesting an inhibition of DNA replication. Sorbitol, sucrose and KCI therefore, were compared for their abilities both to maintain protoplast integrity and to synthesize DNA in vivo. KCI (0.2 M) gave the best results, allowing a rapid digestion by cellulases, a _good recovery of protoplasts, and a rate of incorporation of [ Hlthymidine into protoplasts equal to 60% of the rate observed in untreated suspension cultures.
Purification of protoplasts before their lysis was found to be essential to get clean preparations of nuclei. Flotation of isolated protoplasts on a 20%o sucrose buffer allowed the elimination of cell walls and incompletely digested cells with densities higher than that of the protoplasts. Purification of the nuclei by centrifugation through a sucrose gradient resulted in a 60%o decrease of their activities, probably as a result of the osmotic shock to which they were submitted during that treatment. Extensive washing of the nuclei was also found to decrease their activity. Therefore, both of these procedures were avoided. The pH of the lysis medium was critical (Fig. 2) . The yield of nuclei decreased progressively as the pH was increased. On the other hand, the activity of the purified nuclei was very low when they were isolated below pH 7. Finally, a cytoplasmic DNAse is found in SB-1 cells, the activity of which increases rapidly below pH 7.5. These considerations led us to isolate nuclei at pH 8 (Fig.   3) . A large shoulder corresponding to the position of satellite nuclear DNA was also observed. Autoradiography of nuclei confirmed that trichloroacetic acid-precipitable counts were incorporated into nuclei (Fig. 4) .
DNA Biosynthesis: Replication Versus Repair. Two different experiments were carried out to rule out the possibility that (32PJTTP incorporation into nuclear DNA was due to repair processes. First, nuclei were isolated from exponentially growing cells or from cultures partially synchronized in early S phase by fluorodeoxyuridine treatment (3) and then prepared for autoradiography (Table II) . There was excellent correlation between the proportion of nuclei labeled in vitro and the proportion of protoplasts replicating their DNA in protoplast preparations from which those nuclei were isolated. As expected, this proportion was drastically increased by fluorodeoxyuridine synchronization (Fig.   4 ). If protoplasts were labeled with [3Hlthymidine and nuclei which had been subsequently isolated from these labeled protoplasts were further labeled in vitro with [32P]TTP, the resulting proportion of labeled nuclei was not increased. This suggested that the same populations of nuclei were being labeled in vivo and in vitro (Table II) .
UV irradiation is known to reduce replication and to induce DNA repair processes in numerous systems (8) . Protoplasts were irradiated with UV light and then used either to measure the rate of incorporation of [3Hlthymidine in vivo or for preparation of nuclei and assay of [32P]TTP incorporation in vitro (Fig. 1) . A dose resulting in an 87% decrease in the rate of incorporation of [3Hlthymidine into protoplasts also resulted in a strong decrease in the activity of the isolated nuclei (75 and 72% inhibition in two independent experiments). The kinetics of incorporation of [32P]TTP into nuclei isolated from irradiated protoplasts were different from those of the controls, which might be an indication of a different DNA biosynthetic process, ie. repair biosynthesis of DNA.
These two experiments, showing a close correlation between the incorporation of labeled TTP in isolated nuclei and the involvement of these nuclei in DNA replication in vivo, strongly suggest that the observed biosynthesis of DNA is replication.
Rate of Biosynthesis of DNA in Isolated Nuclei. During the first 10 min of incubation, the rate of incorporation of labeled TTP in nuclei isolated from exponentially growing cells is about 1.2 pmol TTP/106 nuclei. Taking into account the doubling time of cultures (24 h) and the DNA content of GI nuclei (1.5 pg), a rough estimate of the rate of replication in vitro is 0.22 pg DNA/ cell 24 h, ie. 15% of the rate of replication in vivo. If we take into account the results of autoradiography experiments, showing a reduction in the number of replicating nuclei in both protoplasts and isolated nuclei (8% of the nuclei are labeled), the rate of DNA replication in active nuclei can be estimated as 38% of the rate of replication in vivo, assuming a 6-h length for the S phase (3).
Sucrose Gradient Analysis of Replication Intermediates. When nuclei were isolated from exponentially growing cells and then labeled with [32P]TTP in vitro most of the labeled DNA was found to sediment with the template in neutral sucrose gradients (Fig.  5A) . The size of the newly synthesized pieces was estimated by centrifugation through alkaline gradients. Short pulses (20 to 60 s) were required to demonstrate intermediates of small size (approximately 3.5S). These intermediates were then joined into larger material (13 to 18S, according to the experiments) after a 15-to 20-min chase, a small amount of the pulse-labeled DNA being joined into pieces of the size of the template (Fig. 5B) . The fact that the [32P]trichloroacetic acid-precipitable counts incorporated in the nuclei did not significantly increase during the chase in the presence of unlabeled 150 fLM TTP suggests that large pieces are made by ligation of the 3.5S precursor in the nuclei. Other evidence for ligation comes from the results of pulse-chase experiments using nuclei isolated from fluorodeoxyuridine-synchronized cells (Fig. SC) . In such cells, it has been shown that the ligation process was considerably decreased in vivo (4). Again (Fig.  5C ), joining was clearly inhibited in vitro in isolated nuclei. Longer pulses (180 s) did not result in processing of the pieces and, even after an 18-min chase, only a shoulder of high mol wt material appeared in the alkaline gradients. In these experiments, some degradation of the template DNA, visible on neutral gradients, took place during the incubation of nuclei. However, the extent of degradation could not account for the small size of the intermediates observed.
DISCUSSION
Incorporation of deoxytriphosphates into an acid-insoluble product has been reported previously (2) . Here we describe a system for the in vitro synthesis of DNA by nuclei isolated from soybean cells growing in suspension culture. This synthesis of Protoplasts were prepared from exponential cultures or from fluorodeoxyuridine synchronized cultures. A portion of these were labeled in vivo. Both labeled and unlabeled protoplasts were used for isolation of nuclei and in vitro labeling. The proportion of radioactive nuclei was then estimated by autoradiography of nuclei spread on slides as described.
Labeling ,ug/ml fluorodeoxyuridine and 0.5 ,ug/ml uridine for 16 h before isolation of the nuclei. (0), pulse labeling with I:12PITTP for 150 s; (0), pulse followed by a 17-min chase; ( ), "4C label.
DNA is inferred from the incorporation of TTP into DNAse- (Fig.   4 ).
Two characteristics of the system are at present being explored in greater detail. The dependence on the pH of isolation described in Figure 3 seems to involve the integrity ofthe nuclear membrane. It 
